We have investigated the electronic and lattice properties of AlBN and related ternary polytypes which are sp 3 -bonded compounds. Considered polytypes are 2H-, 3H-, 4H-, 5H-, 6H-, 3×2H-, and 12H. Internal atoms (Al or N) of AlN polytypes replaced with B, P, or As atoms as AlBN, AlPN, and AlAsN. Their electronic and lattice properties are optimized automatically by the first-principles molecular dynamics (FPMD) method. Their electronic band structures are non-metallic with the exception of 2H-AlBN(Al 2 BN), 4H-AlAsN(Al 4 AsN 3 ), 4H-AlAsN(Al 4 As 2 N 2 ), and 4H-AlPN (Al 4 PN 3 ) . Most band gaps of calculated AlBN polytypes are indirect. One 3×2H-AlBN (Al 5 BN 6 ) structure has a direct band gap although the band gaps of other calculated 3×2H-AlBN are indirect.
INTRODUCTION
It is important to search wide band gap materials with the ultraviolet region (∼ 6 eV) for optelectronic devices. The minimum band gap values of BN 1) and AlN 2, 3) are approximately 6 eV in experiment although most of them are indirect. The direct band gap is required because it is a higher efficiency of luminescence than the indirect band gap. It is expected that band gaps of AlBN polytypes may be direct because that of 2H-AlN is direct. [4] [5] [6] [7] [8] Furthermore, it will be possible to control the band gap values (0 ∼ 6 eV) and properties (indirect ↔ direct switching) tuning stacking sequences and ratios of the constituents (cation and anion) in the ternary polytypes. If they are really controllable, it will be possible to apply various optical regions (infrared, visible, ultraviolet, etc.). Thus, we have investigated AlBN and related ternary polytypes, and their electronic properties have been definitively established in this study. A variety of chemical formulae and constituents are given in the ternary polytype rather than the binary polytype. In addition, lattice properties of AlBN are controllable due to a smaller covalent radius of B than that of Al. Therefore, it may be expected to find new physical or novel properties in the ternary poly- * Present (K. K.) URL address:
http://www.nims.go.jp/cmsc/staff/kobayak/ type.
Polytypes are one-dimensional polymorphs.
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There are some theoretical [15] [16] [17] [18] [19] and experimental [20] [21] [22] [23] [24] studies of AlBN alloys as Al 1−x B x N. A value of x in the Al 1−x B x N alloy is small, which is maximally within 0.12 24) in experiments. [20] [21] [22] [23] [24] To our knowledge, there are no studies of ternary AlBN polytypes except for alloys in wurtzite or zinc-blende structures. Therefore, the electronic and structural properties of AlBN polytypes are not clear experimentally and theoretically in detail. In this study, we treated AlBN polytypes in order to investigate their electronic (density of states (DOS), band gaps, valence band maximum (VBM), and conduction band minimum (CBM)) and lattice properties. We have calculated 4H-AlPN and 4H-AlAsN polytypes in order to compare with the results of the AlBN polytypes.
All considered ternary polytypes are sp 3 -bonded compounds. A possible symmetry of the calculated ternary polytypes in this study is P3m1. The ternary polytypes considered in this study were constructed from binary AlN polytypes replacing the Al (cation) layer with the B atom or the N (anion) layer with the P or As atoms with the exception of Al 2 B 1 N 1 . Indices "1" in Al 2 B 1 N 1 are omitted as Al 2 BN hereafter with the exception of Table. We have investigated the electronic and lattice properties of binary BN, SiC, and AlN polytypes. [25] [26] [27] [28] [29] [30] Hexagonality is an important parameter to discuss the stabilities of BN and AlN polytypes.
26) The polytype structure has cubic (c) and hexagonal (h) characters. Hexagonality is the ratio of the number of h character to the total number of c and h characters in the unit cell. 26) In previous calculated BN (AlN) polytypes, 26, 27, 29, 30 ) the total energy increases (decreases) with increasing hexagonality.
METHOD OF CALCULATION
The present calculation is based on the local density approximation (LDA) in density functional theory 31, 32) (DFT) with the von-Barth and Hedin (BH) interpolation formula 33) for the exchange-correlation. The optimized pseudopotentials by Troullier and Martins (TM) 34, 35) are used for Al, As, B, and N. The norm-conserving pseudopotential (BHS-type) 36 ) is used for P. Nonlocal parts of the pseudopotentials are transformed to the Kleinman-Bylander separable forms 37) without ghost bands. A partial core correction (PCC) 38) is considered for the Al pseudopotential. Mesh sizes of sampling k-points in an irreducible Brillouin zone (BZ) are 12 × 12 × 2 (4 or 8). A convergence of lattice parameters is sufficient at the 12 × 12 × 2 mesh because most calculated ternary polytypes are non-metallic and lattice constant c is large. 12 × 12 × 8 is used in order to obtain more detailed electronic properties (DOS, VBM, CBM, and electronic band structures). The wave function is expanded in plane waves and a cutoff energy is 144 Ry in all the calculated structures. A structural optimization of internal and cell parameters in the unit cell was performed using Hellmann-Feynman forces and stresses, 39) respectively. Our criterion for optimization is that the maximum force acting on each atom should be less than 2.0×10 −4 Ry/Bohr, and that the maximum stress acting on each unit cell surface should be less than 0.03 GPa.
Calculated stacking sequences (ABC notations 9) ), and Ramsdell notations 9) in the hexagonal polytypes (2H ∼ 6H and 12H) are tabulated in Table I . The 12H polytype has various 58 structures.
11)
We treated ABCBCBCBCBCB (ABC notation) as one of the possible 12H polytype structures in this study.
Calculated ternary polytypes, stacking sequences, replaced atom layer positions, and their chemical formulae are tabulated in Ta- Table II . Figure 2 shows the 3×2H-AlN(ABABAB) structure which consists of triple primitive unit cells of 2H-AlN(AB). Therefore, hexagonality of 3×2H-AlN is 100 %. The crystal structure of 3×2H-AlBN(1) is also depicted in Fig. 2 .
One or two N layers in 4H-AlN are replaced with the P (As) atoms as AlPN (AlAsN). One N layer in 2H-AlN (= Al 2 N 2 ) is replaced with the B atom as 2H-AlBN (= Al 2 BN). This is a particular case where N (anion) and B (cation) atoms are not same valency.
RESULTS AND DISCUSSION
The optimized lattice properties (equilibrium lattice constants, c/a ratios) of AlBN, AlAsN, and AlPN polytypes are tabulated in Table III.   Table II. Ramsdell notations, positions of replaced layers in the ABC notation, and chemical formulae as AlMN (M = B, As, and P). "[]" at the column of the ABC notation indicates the replaced atom layer.
ABC notation
AlMN
Lattice properties of 2H-∼ 6H-AlN(BN) 26) and 12H-AlN are also tabulated for comparison with the present results. All lattice constants c/p of AlBN are smaller than that of 2H-AlN with the exception of 2H-AlBN(Al 2 BN) because the lattice constant of the BN polytype is smaller than that of the AlN polytype due to a smaller atom size of B than that of Al. Therefore, lattice constants c/p of the 3×2H-AlBN polytypes decrease with increasing the number of the B layers in the unit cell. Lattice constant c/p of 2H-AlBN(Al 2 BN) is largest in the AlBN polytypes. 2H-AlBN(Al 2 BN) structurally consists of tetrahedral Al-B and Al-N parts. 2H-AlB(wurtzite) is a hypothetical compound. As a result of calculation, 2H-AlB is unstable and it transforms to h-AlB (sp 2 -bonded hexagonal structure). This may cause the elongation of the c-axis in 2H-AlBN(Al 2 BN).
Lattice constants a and c/p of AlAsN and AlPN polytypes are larger than those of comparable AlN polytypes because the lattice constants of the 4H-AlP (c/p = 3.140Å, p = 4, and a = 3.835Å) and 4H-AlAs (c/p = 3.255 A, p = 4, and a = 3.973Å) are larger than those of 4H-AlN (see Table III ). As for AlP and AlAs, we calculated 2H, 3C, and 4H polytypes for comparison with the present results. The total energies of 3C-AlP and 3C-AlAs are lowest in considered AlP and AlAs polytypes, respectively.
Formation energies of the AlBN, AlAsN, and AlPN polytypes are tabulated in Table III . Their formation energies per two bilayers (= 4 atoms) which are denoted by E form (AlBN) and E form (AlYN, Y = As, P) are defined as follows.
where It is found that all values of the formation energies are positive in Table III . This means that the binary polytypes (AlN, AlAs, AlP, and BN) are energetically more favorable than the ternary polytypes (AlBN, AlAsN, and AlPN). The minimum value of E form in calculated ternary polytypes is 0.431 eV per two bilayers at 12H-AlBN (H = 83 %). Calculated formation energies of AlBN, AlPN, and AlAsN as a function of H are depicted in Fig. 3 .
The E form difference between 6H-AlBN(1) and 6H-AlBN(2) is quite small, within 1 meV in spite of different hexagonalities because their lattice constants are nearly identical to each other. Although 6H-AlBN(2) and 6H-AlBN(3) have the same hexagonality (H = 67 %), the discrepancies of their lattice properties are larger than that between 6H-AlBN(1) and 6H-AlBN(2). Positions of the replaced layers in 6H-AlBN(1) and 6H-AlBN(2) are different from that in 6H-AlBN(3) as shown in Table II . This leads to the discrepancies among them.
From Table III (100 %) which include one B layer in the unit cell. Values in parentheses are hexagonalities (%). The formation energy of AlBN decreases with decreasing the ratio of the number of the B layer to the total number of layers in the unit cell. The E form value of 2H-AlBN(Al 2 BN, H = 100 %) is maximum and most unstable although its variation (0.772 ∼ 2.020 eV) is large even at the same hexagonality (H = 100 %) as shown in Fig. 3 . There is no clear relation between the formation energy and hexagonality in the AlBN polytypes from Table III and Fig. 3 . It is difficult to determine this relation due to a lack of the results for various stacking sequences and constituents in AlBN.
Calculated ternary polytypes have internal parameters along the c-axis in the unit cell. We define these internal parameters as displacements from the ideal positions in this study.
Their maximum values (Δ max ) of displacements are tabulated in Table IV , which are quite larger than those of the binary polytypes (less than 1.0 %) in the previous studies. [25] [26] [27] [28] [29] [30] Therefore, it is impossible to neglect an influence of its large internal atom displacement on the tetrahedral lattice properties. In addition, a structural distortion of 2H-AlBN(Al 2 BN) is quite large although the covalent radius of B is smaller than that of N. This may induce a structural phase transition although it is not considered here.
Furthermore, Δ max of 4H-AlAsN and 4H-AlPN are approximately two times as larger as those of AlBN polytypes with the exception of 2H-AlBN(Al 2 BN). These remarkable displaced atoms are As or P and their neighboring atoms due to larger covalent radii of As and P than that of N. Most AlBN polytypes are semiconductors. In contrast, 2H-AlBN(Al 2 BN), whose valence electrons are reduced by the replacement of N with B, is metal because this reduction corresponds to hole-doped 2H-AlN. Although the electronic band structures of 4H-AlAsN and 4H-AlPN are also metallic, the numbers of their valence electrons are invariant in the replacement of N by As or P. 
As -Al2 We attempted to calculate the electronic band structures of 4H-AlAsN and 4H-AlPN, whose internal atoms are kept in ideal tetrahedral positions. The equilibrium lattice constants as shown in Table II are used for these calculations. The hexagonal Brillouin zone is shown in Fig. 4(a). Figs. 4(b) and (c) are the electronic band structures of ideal and structural optimized 4H-AlAsN, respectively. The electronic band structure of ideal 4H-AlAsN is semiconducting. In contrast, the electronic band structure of structural optimized 4H-AlAsN is metallic. The electronic band structures of 4H-AlAsN and 4H-AlPN broadly resemble each other although dispersions of individual bands differ between them. The larger bonding and antibonding split as shown in Fig. 4(c) is induced by the remarkable atom displacements (Δ max ). Structural optimized 4H-AlAsN and 4H-AlPN become metallic because the antibonding states of upper valence bands and conduction bands are hybridized by this split. These antibonding states are mainly originated from p-states of As and Al2 indicated by arrows "As + Al2" in Fig. 4(c) from an analysis of partial density of states mentioned later. "Al2" has the three first-neighbor As atoms as shown in Fig. 1(c) . Most bonding states in Fig. 4(c) are lower than the valence bands in Fig. 4(b) indicated by arrows. This lowering decreases the total energy of 4H-AlAsN (4H-AlPN).
We calculated total density of states (total DOS) and partial DOS (PDOS) of 4H-AlBN and 4H-AlAsN. The total DOS of structural optimized 4H-AlAsN are shown in Fig. 5 . PDOS (s-and p-states) of As, Al1, and Al2 are also shown in Fig. 5 . "Al1" has one first-neighbor As atom as shown in Fig. 1 . Note that it is impossible to compare with each DOS (total DOS and PDOS) directly because they are not normalized in this study. This is not significant to investigate a contribution of each DOS to valence and conduction bands. From Fig. 5 , the contribution of the Al1 and Al2 s-states to the valence bands is larger than that of their p-states and that of the As s-and p-states to valence and conduction bands is quite small. In contrast, the contribution of the As, Al1, and Al2 p-states to the conduction bands is nearly equal or slightly larger than that of their sstates. There are no states of Al1 PDOS at the region sandwiched between two vertical lines in Fig. 5 . There are also no states of other Al and N atoms in 4H-AlAsN at this region with the exception of Al2 and As. In contrast, the PDOS (s-and p-states) of Al2 and As atoms are not zero at the region. These PDOS correspond to the bands indicated by "As + Al2" in Fig. 4(c) . This suggests that the s-and p-states of the only As and Al2 atoms hybridize the con- duction bands. The total DOS of 4H-AlBN are shown in Fig. 6 . The PDOS (s-and p-states) of B are also shown in Fig. 6 . The contribution of B to valence and conduction bands is qualitatively similar to 4H-AlAsN. Furthermore, the contribution of Al and B broadly resemble each other. Therefore, it is impossible to determine the band gap change from binary to ternary polytypes from the DOS (or PDOS).
The valence band maximum (VBM) -conduction band minimum (CBM), minimum band gaps (Δ 1 ), and minimum direct band gaps (Δ 2 ) are tabulated in Table V The other band gaps calculated in this study are indirect. The Δ 1 values of calculated AlBN polytypes as a function of H are shown in Fig. 7 .
The maximum Δ 1 values of the AlN polytypes, 26, 27) which are also indicated by squares in Fig. 7 , are connected to each other in order to compare with the AlBN values. From Fig. 7 , the band gap value of the AlBN polytype in each hexagonality is lower than that of the AlN polytype. The highest Δ 1 value is 4.28 eV in Table V . Electronic properties (Δ 1 , Δ 2 , VBM, CBM) of calculated ternary polytypes. "i", "d", and "m" indicate "indirect band gap", "direct band gap", and "metal" in the electronic band structure, respectively. Δ 1 and Δ 2 indicate the minimum band gap (eV) and minimum direct band gap (eV), respectively. They are underestimated in the DFT-LDA calculation. "V" and "C" in the "V -C" column indicate "VBM" and "CBM", respectively. Parentheses in the Δ 2 column indicate the k-point of the minimum direct band gap. the AlBN polytypes. This value is slightly lower than that of 2H-AlN (Δ 1 = 4.31 eV). Note that the Δ 1 values are underestimated in the DFT-LDA calculations. As for four 3×2H-AlBN (H = 100 %) structures, the variation of Δ 1 is 1.51 eV (2.77 ∼ 4.28 eV). Therefore, the Δ 1 value may be controllable under the replaced layer position, number, or atom type in the unit cell.
SUMMARY
We have calculated the electronic and lattice properties of AlBN and related ternary polytypes using FPMD. It is found that one of 3×2H-AlBN has the direct band gap (Δ 1 = 4.28 eV) although the band gaps of other considered ternary polytypes are indirect. Some ternary polytypes (2H-AlBN(Al 2 BN), 4H-AlAsN(Al 4 AsN 3 ), 4H-AlAsN(Al 4 As 2 N 2 ), and 4H-AlPN(Al 4 PN 3 ) are metal due to the large displacements of B, As, P, and their neighboring atoms. From the analysis of PDOS, the As (P) and neighboring Al (Al2) atoms contribute to the metallicity of 4H-AlAsN (4H-AlPN). In addition to the 2H-AlBN(Al 2 BN) case, the electron reduction induced by the N → B replacement, which is corresponding to hole-doped 2H-AlN, is important.
The formation energies of all the calculated ternary polytypes are positive and energetically more unfavorable than the comparable binary polytypes (3C-BN, 2H-AlN, 3C-AlP, and 3C-AlAs). Therefore, it is difficult to synthesize these ternary polytypes in experiment. Our next task is to investigate the electronic and lattice properties of higher ternary polytypes in order to search more stable structures. In addition, it is necessary to consider other ternary polytypes as AlBP, AlBAs, BGaN, AlGaN, etc., in order to search direct band gap materials.
